Bioenergy contributes significantly towards the share of renewable energies, in Europe and worldwide. Besides solid and liquid biofuels, gaseous biofuels, such as biogas or upgraded biogas (biomethane), are an established renewable fuel in Europe. Although many studies consider biomethane technologies, feedstock potentials, or sustainability issues, the literature on the required legislative framework for market introduction is limited. Therefore, this research aims at identifying the market and legislative framework conditions in the three leading biomethane markets in Europe and compare them to the framework conditions of the top six non-European biomethane markets. This study shows the global status and national differences in promoting this renewable energy carrier. For the cross-country comparison, a systematic and iterative literature review is conducted. The results show the top three European biomethane markets (Germany, United Kingdom, Sweden) and the six non-European biomethane markets (Brazil, Canada, China, Japan, South Korea, and the United States of America), pursuing different promotion approaches and framework conditions. Noteworthy cross-national findings are the role of state-level incentives, the tendency to utilise biomethane as vehicular fuel and the focus on residues and waste as feedstock for biomethane production. Presenting a cross-country comparison, this study supports cross-country learning for the promotion of renewable energies like biomethane and gives a pertinent overview of the work.
Introduction
With the Paris Agreement of 2015, the international community agreed on pursuing efforts for the limitation of global average temperature increase to below two degrees compared to the pre-industrial temperature level to address the threats of climate change. One crucial pillar of this agreement is the reduction of greenhouse gas (GHG) emissions [1, 2] . This target of the Paris Agreement was transferred to supranational or national targets and strategies for GHG emission reduction. Consequently, the European Union (EU) and its member countries set increasingly ambitious GHG-emission reduction targets for 2020, 2030, and 2050. One pathway to reach GHG-emission reductions is the increase and further deployment of renewable energy (RE) technologies. These technologies can potentially contribute to an emission reduction compared to fossil energy carriers, with the exact amount being dependent on the specific technology and its associated value chain [3] [4] [5] [6] [7] . Currently, bioenergy has the largest share of RE carriers at the global scale [8] . Bioenergy is provided via solid, liquid, and gaseous energy carriers [9] . Although gaseous bioenergy carriers (biogas) play a minor role (2%) compared to solid bioenergy carriers (89%), global biogas production increased with annual average growth rates of 11.2% between 2000 and 2014 [10] . About half of the global biogas production capacity is located in Europe [10] .
Biogas can be upgraded to biomethane, which is considered a mature technology [11] . Biomethane, also called renewable natural gas (RNG), especially in North American countries, is produced via upgrading of biogas produced via anaerobic digestion to conditions necessary for feed-in into the natural gas grid [12] . Biomethane can also be produced through thermo-chemical conversion [13] . In this case, it is called bio-synthetic natural gas (bio-SNG). Bio-SNG is not further considered in this study since bio-SNG plants are still subject to research (Technology Readiness Level of 4-7 [14] ) and show no market penetration yet [13] . Hence, only biochemical conversion to biogas and its upgrading to biomethane is considered in this study.
Upgrading of biogas to biomethane is done by removing components like water, hydrogen sulphide, ammonia, oxygen, nitrogen, carbon monoxide, halogenated hydrocarbons, siloxanes, and particles in the first stage. In the second stage, carbon dioxide (CO 2 ) is removed for the increment of the methane (CH 4 ) content [15] . Currently, biogas upgrading to biomethane is done via water scrubbing, chemical scrubbing, physical scrubbing, pressure swing adsorption, and membrane separation [16] . Water scrubbing represents the highest share in Europe, with about 40% [17] . Recent advantages have been made in the field of biochemical biogas upgrading using microbial-based systems in particular [18] . Those encompass biological methanation approaches where H 2 is coupled with CO 2 from the biogas production process to form CH 4 . This can be done either by direct injection of H 2 into the anaerobic digester or by injection of H 2 into a separate bioreactor. Both approaches can also be combined. More detailed information on the technological advances of biochemical biogas upgrading can be found in the literature [18] [19] [20] . Another promising approach is currently seen in cryogenic upgrading technologies, which can also support further business options for biogas upgrading plants [21] . Cryogenic approaches can simultaneously obtain high-purity biomethane and food-grade CO 2 [22] .
Compared to biogas, biomethane offers additional application possibilities like (1) the use as vehicle fuel or (2) grid injection and additional advantages like (3) enhanced RE storage capabilities through higher energy density of biomethane, (4) increment of external heat use, and, thus, higher efficiencies, as well as (5) an extended timely and spatially decoupling of production and utilisation [15, 23] . However, upgrading biogas to biomethane is not always advantageous, since the upgrading process increases costs, energy demand, and material use and, thus, can trigger environmental effects [24] . Furthermore, the methane slip within the biomethane production value chain can negatively impact the ecological balance [4, 25] . Analogous to biogas production, possible feedstock for biomethane production through biochemical conversion is primarily lignin-poor substrates, such as sugar and starch or oil or fat, containing biomass [13, 26] . Its composition is determined by the place of injection and the onsite requirements for gas properties. Compared to natural gas, biomethane saves GHG emissions in each utilisation pathway; using waste or residues such as residues from livestock production even increases the possible emission savings further [4] . In any known case, the production of energy (power, heat, or fuel) from biomethane is costlier than the production of energy from its fossil counterpart natural gas. Purchasing costs of biomethane are currently two to three times higher than those for natural gas [4] . Usually, energy production from fossil fuels is cheaper because negative externalities of energy technologies like GHG emission remain unpriced [27] . If biomethane shall be a cost-effective option for the production of renewable power, and as a result, renewable heat, or within the transport sector, it needs clear political support [28] . However, the design of such political measures can be diverse. It should include several aspects, such as desired feedstock composition, sustainability issues within the value chains, and the desired end-use sector. Consequently, the implementation of biomethane as an option within an energy system striving for a higher share of renewables (as present in many European countries) has been done in many different ways and thus had different success. A similar situation, as described above, can be witnessed in international publications on this topic. Whereas literature about technologies employed [29, 30] , feedstock potentials [31] [32] [33] , or sustainability issues [34, 35] associated with biomethane use are broadly available, literature on how to successfully implement biomethane as a technology option in an energy system transforming to a RE based energy system, is limited [36] [37] [38] [39] . Indeed, such literature is mainly available for other technological options like photovoltaic [40] or wind power [41] . Lewis and Wiser (2007) investigated wind industry policy support mechanisms in 12 countries with the result that a mixture of policies supporting a sizeable and stable market in conjunction with policies supporting local manufacturing of wind power plants are favourable [42] . A review of global solar power supporting policies has been done by Solangi et al. (2011) . Their research points out that feed-in tariffs (FiT), renewable portfolio standards (RPS), and incentives are the most supportive policies [43] . In most cases, analysis of the successful implementation of renewable technology options in a transforming energy system is done on a case study level for one country [40, 44] .
Cross-country comparison can highlight measures on why a policy is effectively promoting a RE carrier (such as biomethane). In addition to the comparison of specific technologies, the cross-country comparison of a set of policies has also been subject to research, i.e., FiT evaluation in Spain and Germany [45] or the comparison of renewable obligation system in the UK and feed-in tariffs in Germany [46] . In terms of biogas promotion in Africa, a comprehensive review comparing promotion policies from different countries in Europe, Asia, and America was conducted by Kemausuor et al. in 2018 [39] . Regarding biomethane, the only publication utilising a cross-country comparison investigates the difference between Germany and the UK in terms of reasonable potential for biomethane production and how to exploit it [4] . Hence, it highly depends on local conditions, requirements, and the purpose of the planned bioenergy plant, and whether biogas should be upgraded or used directly onsite.
Materials and Methods
To reach the set goals, first, a systematic literature review, according to [47] , was performed to obtain data and information on biomethane of individual countries, e.g., production, markets, and legislation. Collected data were analysed and compared through a set of criteria.
The process of the literature review was threefold. In the first step, the criteria were defined to later compare the different biomethane markets. Secondly, the relevant countries were determined based on data availability and relevance to the study. In the last step, keywords were utilised to obtain country-specific data to feed into the selected criteria. The following words (including different spellings such as biomethane and bio-methane) were selected as a baseline: bioenergy, biomethane, biogas, gaseous bioenergy, and renewable natural gas. When combined with topic-specific keywords, such as production, plants, infrastructure, strategy, policy, incentive, programme, market, goals, and quality standard and/or selected country names, the keyword-based search provided a holistic data set. The keyword search applied to the title and abstract. The selection of papers and articles for the literature review then followed a three-step procedure: (1) relevance of title, (2) relevance of abstract, and (3) relevance of the article as a whole based on skim-reading. After this selection process, all remaining articles were analysed for the literature review. When conducting the literature review, only publications in English were considered, as the majority of scientific literature is published in the English language. The authors acknowledge that publications, especially non-scientific literature, in the native language of each country may enrich the data set; however, that was not the scope of this study.
The results are presented in a cross-country comparison table using the obtained data and a set of assessment criteria. The assessment criteria and their selection are as follows.
The stakeholder and resource criteria emphasise the relevance of biomethane with regard to national resource assessment and the interest of private market actors:
•
Resource assessment (identification of biomethane potentials): this criterion examines if a stand-alone assessment of the national biomethane production potential exists, based on local biomass resource availability and studies thereon by scientific or public institutions. The purpose of this criterion is to ascertain if a national effort is taken to generate knowledge about resources explicitly for biomethane production. Knowledge of resource potential is considered important for evaluating available options and developing strategic approaches for establishing a certain renewable energy product [48] [49] [50] [51] . • Biomethane associations/organisations: here, it is examined if associations or organisations exist that aim to promote the development of biogas and/or biomethane through networking, lobbying, consulting, educational work, or further services. The purpose is to detect the interest of private market actors. The motivation for selecting these criteria is showing whether market actors in a country are interested in the development of a biomethane market.
The inventory framework criteria comprise criteria which consider the existence of incentive or subsidy programmes in a country on the national and state level. A state is an organised political community or area that forms a part of an organised federal country [52] . Political efforts explicitly promoting biomethane production and/or utilisation in the sectors of power, heat, and transport can be recognised through this. The inventory framework criteria are incorporated into the criteria set since promotion schemes are considered as fundamental for the market diffusion of novel energy technologies [53] .
The regulatory framework criteria primarily consider the existence of consistent national quality requirements. In addition, the existence of further explicit regulations for biomethane is considered. The purpose of examining national quality requirements is to identify trade barriers within the country's national market. The motivation of criteria selection is that missing consistent national quality requirements are considered as one fundamental barrier in expanding the domestic trade of biomethane since the properties of gas are not the same within one market. The criterion of further national regulations is additionally incorporated to investigate the existence of further explicit biomethane regulations, showing the relevance of biomethane in terms of market regulation.
The market development criteria examine the development of the market through the number of deployed and operating biomethane projects, representing the supply side of the respective market. The purpose is to show the difference in the quantity of operating biomethane plants. Other criteria, like total biomethane production, demand, or traded volumes of biomethane, were considered for this study, but not enough reliable data were available.
The utilisation pathway criteria investigate the major distribution and utilisations pathways. The purpose of these criteria is to highlight in which energetic sector most of the produced biomethane is utilised and is motivated by the different options for utilisation, as described before.
The sustainability criterion examines whether residues and waste are used as feedstock for biomethane production primarily or if energy crops are dominant. The reason for the selection of this criterion as the sustainability criterion is that exploitation of residues and waste adds value creation. Moreover, residual material is a by-product of other processes, while energy crops are purpose-grown and hence require additional land, water, and nutrition.
Status Quo and Policy Analysis of Biogas Upgrading
The results are structured in the following order: first, the European biomethane market is described, focusing on its three largest biomethane markets. Secondly, a short description of the status quo of the top six countries outside Europe with noteworthy biomethane production is given. Thirdly, the described top six countries are analysed and compared with the three European biomethane markets.
European Status Quo of Biomethane
The EU established the Renewable Energy Directive (RED) 2009/28/EC, amongst other measures, to reach its envisaged emission reduction goals. This policy encompasses the target of reaching at least a share of 20% of Europe's overall energy consumption through RE by 2020. The RED is shaping national RE policy programmes by framing national targets for RE shares, ranging between 10% and 49%. The EU members individually devise how they plan to meet these targets in national RE action plans [54] . Consequently, the share of REs grew to about 13.2% of EU-28 gross inland energy consumption, which amounted to about 1641 Mtoe, in 2016 [55] . Amongst the renewables, the largest share is represented by bioenergy with a share of about 8.6%, similar to the global scale of 10%. Compared to global figures, biogas plays a significant role in Europe, although solid biofuels still represent the largest amount. In 2016, the European gross final inland consumption of solid biofuels amounted to about 98.3 Mtoe (primary production: 94.1 Mtoe). Biogas and liquid biofuel consumption amounted to about 16.6 Mtoe and 15.1 Mtoe (primary production: 16.6 Mtoe and 13.8 Mtoe) in 2016 [56] . However, not only biogas itself is an established RE option in Europe. Europe is also the frontrunner in upgrading biogas to biomethane [57] . The number of biogas-upgrading plants increased from 187 in 2011 to 497 in the first quarter of 2017 [58] .
European Biomethane Market and Legislation
Prior to comparing international markets to markets in the EU, the European biomethane market is considered. Currently, it is the largest market in the world with almost 500 upgrading units in 2017, of which 194 are in Germany [58] . The number of biomethane plants in each country within Europe varies heavily (Table 1) . Although there are similarities regarding national biomethane policies, such as supranational EU legislations or supranational EU quality requirements, differences between the national markets do exist. Supranational EU legislations and quality requirements that shape the national biomethane strategies are:
• RED requires each member to implement a nationally individual RE target through national RE action plans. It was introduced together with the Fuel Quality Directive (FQD) implementing sustainability criteria for liquid and gaseous biofuels for the transport sector [54, 57, 59] . • FQD 2009/30/EC pursues a reduction of GHG-emissions in transport fuels by 2020 [59] . • Indirect Land Use Change (ILUC) Directive 2015/1513 focuses on a reduction of the share of energetic biomass feedstock produced on agricultural land [60] .
• EN 16723-1:2016-"Part 1: Specifications for biomethane for injection in the natural gas network" and EN 16723-2:2017-"Part 2: Automotive fuels specification" specify the requirements for biomethane used as automotive fuel and gas grid injection [61, 62] .
Whereas supranational EU legislation applies for each national legislation-making process, differences in feedstock processing, distribution pathways, quality requirements, and biomethane certification through national registers can be observed. EU regulations are binding as well as generally and directly applied in all member countries, whereas EU directives are binding for the objective to be achieved, without defining the exact measures [63] . The observed differences investigated in [4, 58, [64] [65] [66] [67] can be summarized as follows:
•
While energy crops currently dominate the German biomethane market, the other European biomethane markets primarily use residues and wastes like agricultural residues, bio-and municipal waste, industrial organic waste, landfill wastes, or sewage sludge.
Regarding the connection to the natural gas grid, the following can be observed: in Italy and Iceland, no upgrading plant is connected to the grid. In Sweden, more than 75%, in Norway and Hungary 50%, and in Finland about 42% of the upgrading plants are not connected to the grid. There against, in Germany, the United Kingdom, Switzerland, France, Denmark, the Netherlands, or the other markets more than 90% of the biomethane plants inject into the grid.
Utilisation of biomethane in Europe varies, too. For example, in Germany, biomethane is primarily used in the power sector, whereas the primary utilisation pathway in the UK is heat production and in Sweden, the provision as an automotive fuel.
Regarding quality requirements, it can be stated that countries like Austria, Denmark, France, Germany, and Italy have standards for both the injection of biomethane into the grid and utilisation as vehicle fuel. Other countries like the UK, the Netherlands, and Italy have a standard only for grid injection. Sweden only has a standard for the utilisation as vehicle fuel. • National biomethane registers exist in Germany, Austria, Denmark, France, the Netherlands, and the United Kingdom. In Sweden, Italy, or Spain, there are no biomethane registers yet. • National incentives address different utilisations. In Germany, the Renewable Energy Source Act fosters power generation from biomethane with a Feed-in-Tariff and a market premium for renewable power generation. In the UK, heat production is promoted by the Renewable Heat Incentive, and in Sweden, the incentives address the utilisation as vehicle fuel. Another approach is the promotion of grid injection, like in France or Denmark.
Consequently, the three largest biomethane producers have been chosen as a case study for further cross-country comparison. Furthermore, these represent the three different utilisation pathways of biomethane (Germany-mainly power production, UK-mainly heat production, Sweden-mainly transport fuel).
The differences in the European biomethane markets underpin the complexity of policymaking for bioenergy promotion. It is considered highly challenging and difficult to prepare a sound bioenergy policy, since bioenergy is a diverse and complex issue represented by the following aspects: it (1) competes with other utilisation pathways like the food, feed, or material usage sector and (2) interacts with further sectors like forestry or waste management, (3) involves many diverse stakeholders, (4) has diverse ecological impacts, (5) comprises a large variety of usable feedstock, various conversion pathways, energy carriers, and value-added chains, and (6) is able to influence regional development. [68] [69] [70] [71] [72] [73] [74] . Hence, analysis of biomethane policies and framework conditions outside the EU-28 and EEA is required to understand the biomethane market on a global scale and the presumed variety of promotion strategies.
Status Quo of Biomethane in Selected Countries Outside the EU
For the comprehension of the status of the biomethane market on a global scale and the demonstration of the presumed variety in national promotion strategies, six noteworthy biomethane markets outside the EU-28 and EEA members are identified and compared with the three leading markets in the EU. The comparison is based on a set of criteria of market framework. Thus, the differences between the national markets are emphasised clearly in a comprehensive way. Hence, an overview of the global status quo of biomethane market development is prepared, allowing further studies that are more detailed and the possibility to learn from other countries in terms of biomethane promotion.
Based on the number of biomethane facilities, the following countries are identified as the top six countries with noteworthy biomethane production: Brazil, Canada, China, Japan, South Korea, and the United States of America. The development of the number and the total capacity of upgrading plants in these countries in the last five years is shown in Table 2 . Brazil: In Brazil, RE plays a significant role with a share of about 43% of the TPES (284.5 Mtoe) in 2016. Within the total RE supply, nearly two-thirds are covered by energy from biomass, which is dominated by solid and liquid biofuels [79] . The biogas and especially the biomethane market are in the early stages of market infiltration and therefore play a minor role compared to solid biomass combustion. Nevertheless, this market offers a large potential, based on the technical biomethane potential (~6.8 billion m 3 /year), which could cover 37% to 46% of the total natural gas demand in 2013 and a comprehensive policy framework, which is currently being established [80] . Although a national financial incentive programme is currently not in place, national regulations regarding biomethane treatment and state-level promotion programmes exist accompanied by private incentives driven by several gas utilities [67, 81] . According to the most recent data, five biomethane plants were in operation in 2017 [75] .
Canada: Compared to Brazil, the Canadian TPES amounting to 280.1 Mtoe in 2016 is of a similar scale. However, the share of RE in the TPES is lower with a percentage of about 17.4% in 2016 with hydropower dominating. Furthermore, in the bioenergy sector, biogas is also of minor relevance compared to liquid and especially solid biofuels [79] . Nevertheless, there is a technical biomethane potential of 3.9 Mtoe methane produced by anaerobic digestion per year [82] . Currently, the Canadian biomethane market has nine upgrading facilities in operation and more in the planning stage. The plants in operation are located in British Columbia and Quebec, whereas plants are in the planning stage are in Ontario [77] . This is mirrored in the legal promotion framework since there is no federal programme and the states of British Columbia and Quebec have implemented supporting schemes exclusively [83] [84] [85] [86] . Ontario's government programme is still being established, but the gas utilities themselves are starting to promote biomethane [87] . The same applies for the whole of Canada where the natural gas utilities, not government policy, develop the biomethane market [88] , but a national Low Carbon Fuel Standard is in development [83] .
China: China is the country with the highest TPES worldwide amounting to 2972.5 in 2016, largely covered by fossil fuels (share of~91%). To decrease fossil fuel and import dependency, China is promoting RE, as part of that bioenergy, which covers about 40% of the RE supply. Within final bioenergy consumption, the solid biofuels are dominating [79] . Nevertheless, biogas plays a significant role. More than 110,000 biogas plants-most of them are household digesters-are in operation and producing more than 2.5 billion m 3 of biogas annually, as well as organic fertilizer for agriculture [78, 89] . However, not only is biogas relevant for the Chinese RE development, but biomethane is also a pursued option. The 13th 5-Year Plan (2016-2020) aims to promote a biomethane market with the target to deploy 172 new biomethane projects by 2020 [89] . Between 2015 and 2017, investments were made towards the construction of 73 large scale biomethane plants [78] . Thereby, the number of plants increased from less than 10 plants in 2014 to more than 70 plants in 2018. This is the first step to exploit the total biomethane potential of 150-170 billion m 3 /year from residues and wastes based on the current technical state of the art [90, 91] .
Japan: Japan set the target to reach a share of RE of 13% to 14% in the TPES and 22% to 24% in the electricity sector by 2030 [92] . Bioenergy covers nearly half of the RE supply which amounted to 972.1 PJ in 2014, representing about 5% of the national TPES [93, 94] . More than 90% of consumed bioenergy comes from solid biofuels, whereas liquid and gaseous biofuels play no significant role [93] . Nevertheless, electricity production from biogas became attractive with the FiT, established in 2012 [95, 96] . Besides the FiT, subsidies for the construction of biogas plants are available [97] . In 2017, the registered electricity generation capacity of biogas plants was 103 MW [98] . Biomethane had its outset in 2004; since then, the number increased to six known biomethane plants by 2012. These plants all upgrade biogas to biomethane as compressed natural gas (CNG) for vehicular applications, but other forms of utilisation also exist [75, 99] . It is assumed that the 2012 FiT is responsible for the stop in biomethane capacity development: (1) the tariffs for electricity by direct biogas conversion are on an economically attractive level [95, 96, 100] and (2) the upgrading of biogas causes additional costs [24] . However, the fossil substitute of natural gas covers about a quarter of the national TPES and most of it is currently imported [94, 101] . Hence, the potential demand for biomethane does exist.
South Korea: Korea is focusing on RE capacity expansion. There is a national binding target of 11% for RE in the gross final energy consumption by 2030 and the target to cover 8% of the electricity with RE by 2020. In 2016, RE covered a share of about 4.8% of the TPES with a production of 14.2 Mtoe. A TPES of 2.8 Mtoe is covered by bioenergy, which is dominated by solid biofuels, followed by liquid biofuels and biogas [67, 93] . There were 110 biogas plants in operation producing 2798 GWh in 2016, supplemented by the downstream biomethane sector with ten upgrading facilities in operation and one under construction. The upgrading facilities produce biomethane for grid injection or as CNG, which is mainly used in public or municipal vehicles [67, 75, 102] . Nevertheless, the biomethane potential remains untapped. There are estimations that biomethane could cover up to 25% of the natural gas supply for transportation, with a market potential of 331 × 106 Nm 3 /year [103] . To tap into this potential, a Renewable Fuel Standard (RFS)-programme applicable to biomethane is currently being discussed. Currently, an RPS for electricity producers is applicable to biomethane, and public construction loans for RE plants are available [67, 102] .
United States of America: After China, the United States of America has the highest TPES on a global scale with more than 90% covered by fossil fuels. Bioenergy is the most relevant source among the renewables and equally proportioned in energy from solid and liquid biofuels. Biogas is of minor relevance [79] . Nevertheless, biogas and biomethane have a long history in the country. Starting with its first biomethane plant in 1982, the U.S. biomethane market grew to a total number of 77 upgrading plants in operation plus 22 under construction and 35 in substantial development in 27 U.S. states in 2018. A total of 59 of the facilities in operation are injecting biomethane into the grid [77, 104] . Between 1982 and 2011, nearly all of the biomethane produced was utilised in electricity production driven by state-level RPS-programmes. Currently, about 87% of the upgraded biogas is used as CNG or LNG transportation fuel and 13% as an energy carrier for power production [104] . The reason for this is the national RFS-programme and the state-level Low Carbon Fuel Standard (LCFS)-programmes (some are in development), which promise higher revenues for sale as vehicular fuel [104, 105] . A barrier for the development of a biomethane market is the lack of a consistent biomethane quality specification for grid injection and use as CNG since the existing specifications for natural gas vary across the USA.
Moreover, newly set biomethane specifications are often far more stringent than those for natural gas. The same applies to regulations: there is no nationwide consistent regulative framework, but there are state-level regulations [106, 107] .
Cross-Country Comparison of Biomethane Markets
For a clear illustration of the differences between the national biomethane markets, the three leading European countries are compared with the presented top six countries regarding their biomethane market development status in Table 3 , with more detailed information given in Appendix A.
At the beginning of this review, Japan was expected to be a large and promising biomethane market. However, it quickly became apparent that, currently, little interest and development in biogas upgrading or biomethane utilisation can be noted. Although commercial biomethane plants do exist, this lack of interest is based on the absence of progressive deployment of plants between 2012 and 2019. The national FiT, introduced in 2012, is considered to be responsible for this stop in biomethane capacity expansion. Furthermore, the literature review did not reveal any data on the assessments of biomethane potentials, associations, or organisations dedicated to biomethane and specific regulations. The other investigated markets, especially in Europe, fulfil the interest and regulatory framework criteria. Hence, Japan is a prime example for illustrating how not having a clear regulatory and inventory framework, as well as established association work combined with other strategic objectives (namely power production), can slow down or hinder market development of certain RE. Although there is no specific interest for biomethane detected in Japan, there is development in the bioenergy market like the expansion of the biogas production or the energetic utilisation of wood, agricultural products, and residues [95] . Consequently, even though a biomethane market still needs to be established, the country provides technical and resource basis for it.
The European countries show a comprehensive framework supporting biomethane market development, especially regarding regulations and incentives on country-level. This comprehensive support is mirrored by the large number of commercial upgrading projects. Germany has by far the largest amount of biomethane facilities. There are only two countries outside the EU-28 and EEA, which have project numbers as high as the leading European countries, namely China and the United States of America. However, rather than having an as comprehensive framework as the European countries, these two countries provide very attractive national incentives resulting in a fast increase of project numbers. Therefore, Europe is still in the lead regarding biomethane projects and demonstrates well that a comprehensive and attractive regulatory and inventory framework on country-level with a clear strategic objective on biomethane production and use supports the increase of biomethane projects. Opposing this observation, the absence of national incentives (Brazil, Canada) or incentives with other strategic objectives and unattractive conditions (Japan, South Korea) lead to slow growth in project numbers.
Outside the EU-28 and EEA, in countries such as Brazil, Canada, and the United States of America, the establishment of state-level incentives is particularly noteworthy in addition to the national framework. Such state-level incentives are considered as an effective tool to introduce a biomethane market with first projects in countries with a federal structure. Here, certain federal states can serve as pioneer or exemplary markets to then support market development in the whole country. Nevertheless, a certain degree of federal autonomy is required. [4, 15, 58, 64, 66, 67, 75, 77, 78, 81, 83, 86, 89, 95, 97, 100, [102] [103] [104] .
The United States of America and China are the two countries with the fastest market development when measured by the expansion of projects. The United States and its federal states have created very attractive promotion schemes, such as the mandatory addition of biomethane, which creates a sustainable demand and is therefore considered beneficial for long-term biomethane market development. The increase in China, based on the investment programme in the 13th Five Year Plan, is considered remarkable. However, it remains to be seen whether the increase will continue to grow rapidly, or whether a redirection of the investment programme will lead to a slowdown. Moreover, European examples of investment subsidies showed low effectiveness in developing bioenergy and even more in sustaining it [134] .
Besides the inventory framework, the regulatory framework is deemed crucial for sustainable market development, which provides a consistent framework for the actors of a market. The focus of this study is consistent with national quality requirements for biomethane, ensuring uniform properties in the respective market and facilitating domestic trading. As shown in Table 3 , nearly half of the compared countries show consistent national quality requirements for both grid injection and use as vehicular fuel. In Canada, Japan, and the United States, no consistent quality requirements are found; however, gas utility or federal state-specific requirements do apply. Different quality requirements within one national market are considered to hinder domestic trade since the properties of gas have to be adjusted according to the respective quality requirement. The United Kingdom and Sweden stand out since there is consistency in quality requirements for either grid injection or use as vehicular fuel. This reflects the respective focus of each country regarding the utilisation of biomethane. Additionally, with the European quality requirements for grid injection and use as automotive fuel, a consistent frame is available for both countries. In terms of further specific national regulatory market conditions, hardly any information was available for the markets outside the EU-28 and EEA. Hence, it is considered (as far as known) that (1) there are no specific biomethane regulations, (2) the regulations which affect biomethane are not available in context of biomethane literature, or (3) regulations are exclusively established on the federal-state-level. The latter applies particularly to Canada and the United States, where the inventory framework and the quality requirements are embedded in the federal-state level.
Biomethane utilisation and application varies from country to country; however, a tendency towards use as vehicular fuel is apparent in all these countries, where the share of biomethane used in the transport sector has different proportions respective to the country. In Germany, for example, the share of biomethane as vehicular fuel by itself is quite distinct but rather small compared to utilisation in the electricity sector where most biomethane is currently used. In Sweden, Brazil, China, South Korea, Japan, and the United States of America, biomethane utilisation in the transport sector is dominant. The following may provide reasons for these preferred utilisation pathways: (1) the incentives and regulations, based on the RE strategy of the respective country, promote the vehicular use and/or (2) different revenues in the respective biomethane utilisation sector stimulate a certain utilisation. The sectoral difference in revenues may be associated directly with an inventory or regulatory framework. Thus, a country is able to stipulate the utilisation pathway or is at least able to influence the way of utilisation. It is assumed that the transport sector is the preferred utilisation since biogas (without further upgrading) is adequate for the production of heat and/or electricity. Furthermore, many alternatives like solid biomass or solar and wind power are available for these sectors; whereas the transport sector does not have as many attractive renewable alternatives.
Furthermore, the analysis shows that in all considered markets apart from Germany, the feedstock focus is on residues and wastes. Agricultural residues, municipal and industrial waste, sewage sludge, or landfill waste are the primary feedstock in the top six countries outside the EU-28 and EEA as well as in Sweden and the United Kingdom, whereas in Germany, energy crops are currently the major feedstock. Nevertheless, there is an increase in waste and residue utilisation in Germany. Overall, it is assumed that at present, energy production is not the only main objective for biomethane production in the compared countries, but also the recycling of residues.
Observations on Market Stability
Considering the stability of the markets, the following issues have to be discussed. (1) The investigated markets are in different phases of market diffusion. (2) The design of the inventory framework in the form of support schemes plays a significant role [134] . (3) Further factors like price and competitive situation of substitutes like natural gas, the revenue of biomethane, public acceptance, environmental issues as well as the existence of financing mechanisms, professional stuff, infrastructure, corporate networks, approval, and legislative procedures and a lot more are influencing sustainable market penetration [70, 72, 135] . One example showing that market penetration of bioenergy depends on a variety of factors, as well as the design of the inventory and regulatory framework, is commercial biogas in Africa [39] .
It can be derived from the comparison that Brazil, Canada, Japan, and South Korea are in an introductive phase of biomethane market development. This is underpinned by the low number of biomethane production plants and by the poor national support schemes in comparison to the leading European, United States, and Chinese markets. Hence, under current conditions, biomethane can be considered as one renewable option under test in these markets. It is unclear if a comprehensive national support scheme, which is deemed as a crucial factor for further market penetration [53] , will be implemented in the next years or if the previous work will be reduced. This also depends on the development of the political orientation of the country and the other further influencing factors mentioned before. Therefore, the stability of these biomethane markets is considered low.
The example of Japan shows that despite initial capacity expansion, a stop in plant deployment is possible if no adequate support scheme is in place. China is assumed to be in an early growth phase of market penetration compared to the other markets since the number of installed plants rose strongly from 2014 to 2018. Since the increase of plants depends on the support scheme, the stability of the market is strongly connected to the existence of this support. However, the long-term stability of the biomethane market will depend on long-term favouring conditions and again, the price and competitive situation of substitutes. Investment subsidies, which are the main promotion instrument in China, are considered as suitable for building up first-generation plants, but not for a sustainable market penetration [134, 136] . Moreover, it is not possible to draw conclusions on the effective operation of the market using the expansion rate of the plants. As a consequence, the long-term stability of the Chinese biomethane market is uncertain as long as no other support programme with sustainable impact is implemented or the price of the substitute natural gas is lower than the biomethane price.
In contrast to the other markets, the biomethane market in the United States of America is assumed to be in a late growth phase, since there is already a high number of plants but still progress in the expansion of plant numbers. Furthermore, biomethane has been produced and utilised in the United States since the 1980s. Hence, a certain degree of long-term stability in the past can be derived. Regarding market stability in the future, the mandatory addition of biomethane as a promotion instrument is considered as beneficial. Nevertheless, the stability is bound to the existence of a support scheme. The three leading European biomethane markets are also considered to be in a later growth phase of market penetration. Similarly, the long-term stability of the biomethane markets depends on the existence of comprehensive support schemes with sustainable impact.
Limitations and Opportunities for Future Research
The results presented here are based on a systematic literature review of the relevant scientific, governmental, and industry/associative literature in the English language. Hence, the results are valid and comprehensive and based on sound data, which are sufficient to outline and compare the examined markets. However, further investigations with expert interviews and a literature review in the respective national language could enable a more comprehensive market overview. Especially with regard to non-scientific literature, e.g., policy documents and considering documents in the native language will enrich the data set. Nevertheless, markets are in constant alteration, and hence, this study is a snapshot of the current global biomethane status quo. The study is limited to a qualitative analysis without quantitative analyses, like a comparative analysis of the development of the biomethane production, installed capacity, or plant size, since hardly any valid quantitative data was found for markets outside EU-28 and EEA. Already, the identification of the current number of upgrading plants proved to be challenging. Hence, a collection of quantitative data is recommended to conduct a quantitative assessment of biomethane on a global level.
A further limitation of this study is the exclusive focus on three EU-28 and the current top six markets outside the EU-28 and EEA. Although further countries with efforts in biomethane market development outside the EU-28 & EEA are identified during the preparation (namely Chile, Colombia, India, Indonesia, Malaysia, Philippines, South Africa, and Thailand), these are excluded. The motive of exclusion is the initial status of these markets as measured by the existence of inventory and regulatory framework, number of commercial projects, and production capacities. The excluded countries are sorted regarding their capacity and their regulatory/inventory framework:
•
Countries with no or small production capacity and no regulatory/inventory framework are Chile, Indonesia, and the Philippines [137, 138] • Countries with small production capacity and a more comprehensive but still incomplete regulatory/inventory framework are Colombia, India, Malaysia, South Africa, and Thailand [39, 137, [139] [140] [141] [142] [143] [144] .
Nevertheless, these markets could be considered in future studies, as the market constantly alters. Regarding further markets within the EU-28 and EEA, a limitation on the three leading countries is considered adequate, since these three are already quite diverse and also the leading markets on a global level. Further suggestions for future studies are country-specific investigations providing deeper insights into the respective framework, market development, infrastructure, or applied technologies and their cost structures. Moreover, a comparison of the here identified markets regarding specific biomethane topics like infrastructure, cost and price development, or biomethane potentials is considered as interesting.
This section may be divided by subheadings. It should provide a concise and precise description of the experimental results, their interpretation, as well as the experimental conclusions that can be drawn.
Conclusions
This study shows insights into a selection of biomethane markets around the world while comparing them to the leading markets in Europe, namely the United Kingdom, Sweden, and Germany. Biomethane plants are numerous in Europe, followed by North America and China; showing an overall increasing trend; the application of biomethane in the transport sector is particularly apparent. Also noteworthy is that almost all countries focus on the utilisation of residues and wastes for the biomethane process. This shows that apart from becoming of growing importance as a fuel, biomethane can positively contribute to waste reduction and resource management. In the country comparison, the following observations are noteworthy: although a common European framework is given through RED and RED II, the national energy policies and action plans differ in terms of the biomethane application, e.g., vehicular fuel. Finally, this study also supports cross-country learning, as it can be utilised to study how other countries supported their energy or climate goals and the market development of biomethane and consider similar actions for their own nations.
A further aspect continuously re-appearing in this study is the inhomogeneity of framework conditions between the national markets and especially within national markets of certain countries. According to the results of this study, associated literature, and industry and research trends, market harmonisation needs to consider the following three aspects:
1.
The necessity of an economic level playing field There are heterogeneous incentives and regulations on the state level or even within a state, resulting in different costs, prices, and product properties.
This leads to significant trade barriers. A renewable gas register is seen as one option that could be implemented in diverse ways [53] .
2.
Technical uniformity Uniformity regarding technical requirements for biomethane feed-in and transport as well as gas quality are seen as the core prerequisites for market development and trade. In Europe, this is realised via CEN standards such as CEN/TC 408 (Natural gas and biomethane for use in transport and biomethane for injection in the natural gas grid) and CEN/TR 17238:2018 (Proposed limit values for contaminants in biomethane based on health assessment criteria). On an international basis, ISO standards apply, e.g., for terms and classifications (ISO 20675:2018 Biogas production, conditioning, upgrading, and utilisation-Terms, definitions, and classification scheme). This shows that initial progress towards technical uniformity supporting international trade of biomethane is made, but further progress is necessary.
3.
Requirements for a sustainable feedstock basis A sustainable feedstock basis in combination with cross-border trade of biomethane is probably realisable via certification schemes after market-build up [65] . Activities regarding this issue are part of the upcoming RED II. Experiences from the wood pellet market can help to install a sound scheme [145] .
Furthermore, cross-country learning (e.g., in the form of this study) can support decisionmakers in all phases of market build-up and consolidation. For example, sustainability issues in the German biogas sector have been taken into account in Danish support programmes. Technological advances regarding biogas upgrading is another example of the advantages of cross-country learning. The most recent technologies, such as cryogenic upgrading or the use of biochemical approaches, can positively affect overall process efficiency and possibilities for further business options.
This study can also serve as a baseline for more detailed studies, which are longitudinal and in-depth, country-specific analyses, i.e., by additionally considering data in the national language. Furthermore, as only the legislative framework is considered here, a comparison of financial support or financing options for biomethane upgrading facilities should be considered for further work. It needs to be noted that the role of biomethane in all considered countries has large expansion potential. 
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